
Theor Appl Genet (1996) 92:915-919 �9 Springer-Verlag 1996 

Z. W. Shappley �9 J. N.  Jenkins �9 C .E.  Watson Jr 
A. L. Kahler �9 W. R. Meredith 

Establishment of molecular markers and linkage groups 
in two F 2 populations of Upland cotton 

Received: 11 September 1995 / Accepted: l0 October 1995 

Abstract Two F 2 populations of cotton (Gossypium 
hirsutum L.) from the crosses of HS46 x MAR- 
CABUCAG8US-1-88 (MAR) and HS46 x Pee Dee 
5363 (PD5363) were characterized for restriction frag- 
ment length polymorphisms (RFLPs) using DNA 
probes. Seventy-three probe/enzyme combinations were 
used in the HS46 x MAR population analysis, which 
resulted in 42 informative polymorphic fragments. 
These 42 moleclar markers represented 26 polymorphic 
loci, which consisted of 15 codominant and 11 dominant 
( + / - )  genotypes. Chi-square analyses of these loci fit 
expected genotypic ratios of 1:2:1 and 3:1, respectively. 
An analysis of these loci with the MAPMAKER pro- 
gram resulted in the establishment of four linkage 
groups A, B, C, and D with 4, 2, 2, and 2 loci, respectively, 
as well as 16 unlinked loci. Six probe-enzyme combina- 
tions were assayed on the HS46 x PD5363 population, 
which resulted in 11 informative polymorphic frag- 
ments. These 11 fragments represented 6 polymorphic 
loci, 1 dominant ( + / - )  and 5 codominant genotypes. 
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The MAPMAKER analysis of these loci yielded 2 lin- 
ked loci. Thus, a total of 53 polymorphic fragments and 
32 polymorphic loci, representing five linkage groups, 
were identified among the two families. 
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Introduction 

With the advent of molecular marker technology, great 
advances have been made in gathering genetic informa- 
tion about plant, animal, and prokaryotic genomes. 
Increased information concerning gene identification 
and map placement would facilitate enhancement of 
desired agronomic traits. Knowledge of the inheritance 
and linkage relationships of molecular markers and 
traits of economic importance provides scientists with 
useful molecular tools that may be used to improve the 
efficiency of crop improvement programs. 

Restriction fragment length polymorphisms (RFLPs) 
of DNA have been found to be useful in several crops, 
including corn (Zea mays L.) (Melchinger et al. 1991) 
and soybean (Glycine max (L.) Merr.) (Skorupska et al. 
1993). Within the last 3 years, an intense effort has been 
made to apply RFLP technology to several species of 
cotton (Meredith 1992; Wang et al. 1993; Stelly 1993; 
Cantrell and Davis 1993; Patterson 1993; Wing 1993; 
Reinisch et al. 1994; Shappley 1994). These projects have 
been fueled by an attempt to map the cotton genome 
and establish molecular markers for yield components 
and fiber quality genes. 

Previous work has shown that RFLP technology is 
feasible for use in Upland cotton comparisons (Shappley 
et al. 1993). Parent selections were made based on this 
prior research, and F2 populations were established. 
The objective of the study presented here was to deter- 
mine the inheritance relationships of RFLPs and link- 
age relationships among the observed RFLP loci in two 
Upland F2 populations of cotton. 
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Materials and methods 

Greenhouse procedures 

One hundred F 2 plants from each of the crosses HS46 x MAR- 
CABUCAGSUS-1-88 (MAR) and HS46 x Pee Dee 5363 (PD5363) 
(Green et al. 1990) were grown in the greenhouse at the USDA-ARS 
research facility at Mississippi State, Mississippi. Twenty grams of 
wet leaf tissue was collected from each plant. RFLP analyses were 
conducted by Biogenetic Services, (BGS), Brookings, South Dakota. 

Probe construction 

The initial cDNA library was developed by BGS using leaf material 
from six different cotton varieties including Acala, Coker, Deltapine, 
Pee Dee, and Texas types. Total cellular RNA was isolated from leaf 
tissue of each variety and prepared according to the methods of 
MacDonald et al. (1987). Poly(A)-RNA was purified and isolated 
according to the methods of Aviv and Leder (1972). The preparations 
were pooled and oligo-(dT) chromatography was performed to iso- 
late polyadenylated RNA. This poly(A)-RNA-isolated mRNA was 
used as a template for double-stranded cDNA (ds-cDNA) synthesis 
(Gubler and Hoffman 1983). A dT-tailed NotI primer/adaptor 
oligonucleotide was used to prime a reverse transcriptase enzyme 
reaction, EcoRI adaptors were then joined to the 5' ends of the 
ds-cDNA. Ligation and transformation techniques were followed 
according to Hanahan (1983). Following Nod digestion and size 
fractionation steps, the cDNA was inserted into the pGEM-1 lzf(-) 
vector (Promega). Multiple copies of the vector were generated via the 
polymerase chain reaction (PCR) (Saiki et al. 1988). Selections of 
transformants were based on Amp R and Lac-. Radiolabelling was 
done by random priming (Feinberg and Vogelstein 1983). The 
methodology was slightly modified or adapted from that given in the 
literature for use by Biogenetic Services. (unpublished). 

RFLP analysis 

Freeze-dried leaf material from individual samples was ground into a 
fine powder. DNA was isolated from each plant sample and purified 
by sedimentation until equilibrium in CsC1 density gradients. In 
addition to individual F 2 plants, the analysis included bulk samples of 
each parental line. Techniques for DNA isolation and other RFLP 
methods were similar to those reported in "Current protocols in 
molecular biology" (Ausbel 1987) with slight modifications by BGS 
(Biogenetic Services, unpublished). Either EcoRI or EcoRV was used 
as the restriction enzyme in the digest of the sample DNA, depending 
on the probe used. Gel electrophoresis was conducted with a TAE 
buffer. Southern blots were made on nitrocellulose membranes, and 
the resulting complex of fragments was subjected to hybridization 
techniques (Budowle and Baechtel 1990). After washing the mem- 
branes to remove the unhybridized probe solution, the membranes 
were placed on Kodak AR Safety Film and incubated for 7-14 days 
depending on optimal exposure time. The radiolabelled DNA frag- 
ments on the resulting autoradiograph were digitized using the 
DIGIGEL software package with phage lambda DNA as a standard. 
The autoradiographs were scored for the presence or absence of 
polymorphic fragments. Polymorphic fragments were analyzed with 
the MAPMAKER program (Lander et al. 1987) to establish molecu- 
lar marker linkage groups. 

Mapmaker analysis 

The MAPMAKER (1993) program was acquired from the White- 
head Institute (Cambridge, Mass.) and run on a Unix system at 
Mississippi State, Mississippi. The MAPMAKER program (Lander 
et al. 1989) estimates a maximum likelihood distance (Haldane and 
Smith 1947; Morton 1955; Mather 1957) and an LOD score (Morton 
1955) between two loci for a given number of F 2 individuals based on 
the presence or absence of RFLP fragments in relation to the parental 
lines. Codominant fragment patterns and dominant ( + / - )  fragment 

patterns identified by a specific probe/enzyme combination were 
designated as individual loci. 

The maximum likelihood estimate used in the program is derived 
from an algorithm by Lander and Green (1987). LOD score indicates 
the odds of linkage between two loci when they are separated by their 
maximum likelihood distance. According to Morton (1955) LOD is 
more specifically defined as the loglo of the ratio of the likelihoods 
when the loci are taken to be at their maximum likelihood recombina- 
tion fraction and when the loci are considered unlinked. 

The LOD score parameter was set at the program default of 3.00 
and the distance parameter was set at 50 cM. This level gives linkage 
values at a minimum confidence level of 103:1. This significantly 
lessens the chances of the program reporting false linkage. Multi- 
point and three-point analyses were used in determining the order of 
the loci in a particular linkage group (Morton et al. 1986). 

Results and discussion 

HS46  x M A R  

Nine ty-e igh t  individual  F 2 plants  f rom the HS46  x 
M A R  cross were ana lyzed  with 73 p r o b e / e n z y m e  com-  
binat ions ,  which  resulted in 53 p o l y m o r p h i c  fragments .  
F o r t y - t w o  of  these f ragments  were cons idered  in forma-  
tive for the l inkage analysis  based  on  the fact tha t  either 
c o d o m i n a n t  or  single f r agment  pa t te rns  were identified. 
These  two types of  f r agment  pa t te rns  were easily charac-  
terized for use in the M A P M A K E R  analysis. The  42 
p o l y m o r p h i c  f ragments ,  or  molecu la r  markers ,  con-  
st i tuted 26 p o l y m o r p h i c  loci. All of  the loci fit the 
expected geno typ ic  rat ios of  ei ther  1:2:1 or  3:1 as 
de te rmined  by  chi -square  analyses (Table 1). Fif teen loci 
showed  c o d o m i n a n c e  of  their restr ict ion fragments .  The  
remain ing  11 loci were t e rmed  d o m i n a n t  ( + / - )  loci 
because  they showed  a single f ragment  versus no  frag- 
men t  pat tern .  

Pairwise  l inkage was ca lcula ted  for all possible two-  
locus c o m b i n a t i o n s  of  the 26 loci using the M A P -  
M A K E R  p r o g r a m  (Lander  et al. 1987). The  pairwise 
analyses suggested four  l inkage g roups  A, B, C, and  D 
with 4, 2, 2, and  2 loci, respectively (Table 2). C e n t i M o r -  
gan  (cM) distances were de te rmined  for each locus pair. 

Three -po in t  and  mul t i -po in t  analyses were conduc -  
ted to de te rmine  the m a p  order  of  the four  l inked loci in 
g r o u p  A (Table 3). Accord ing  to the log- l ike l ihood esti- 
mates  in the mul t i -po in t  analysis,  the m o s t  likely o rder  
calcula ted was  only  slightly bet ter  t han  the second-bes t  
o rder  (0.00 and  - 0.03, respectively). This  minu te  differ- 
ence was due to the t ight  l inkage of  loci C 2 6 D 5 R V  and  
C 3 4 F 5 R V ,  suggested to be 0.51 cM. Thus ,  either o rder  of  
A cou ld  be possible (Fig. 1). The  three o ther  l inkage 
g roups  (B, C, and  D) (Fig. 1.) can also be cons t ruc ted .  
The  relative dis tances be tween loci of  each l inkage 
g r o u p  also were ca lcula ted  in c e n t i M o r g a n s  using the 
m a x i m u m  l ikel ihood m e t h o d  (Fig. 1). 

H S 4 6  x P D 5 3 6 3  

An F z p o p u l a t i o n  of  99 individuals  of  this cross was 
ana lyzed  with 6 different p r o b e / e n z y m e  c o m b i n a t i o n s  



Table 1 Genotypic distribution, 
expected ratios, chi-square (Z 2) 
values, and genotypes among 
26 loci for 98 F 2 plants of 
HS46 x MARCABUCAG8US-  
1-88 and 6 loci for 99 F 2 plants 
of HS46 x PD5363 

"Codom., Codominant fragment 
patterns 
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Locus Fragment Observed Expected Z 2 Probability Genotype a 
size (kb) ratio ratio 

HS46 x MARCABUCAG8US-1-88 
C05E5RV 8 400 24:45:29 1:2:1 1.16 0.75-0.50 Codom. 

4 400 
C05F4RI 6400 24:53:21 1:2:1 0.84 0.75-0.50 Codom. 

3 500 
C13B1RV 8 000 25:51:22 1:2:1 0.35 0.90 0.75 Codom. 

7 000 
C14E1RI 8 000 79:19 3:1 1.65 0.50 0.25 + / -  
C16A1RI 3 500 74:24 3:1 0.01 0.95-0.90 + / -  
C16F4RV 3 200 27:48:23 1:2:1 0.37 0.90-0.75 Codom. 

2 200 
C17A6RI 6400 66:22 3:1 1.02 0.50-0.25 + / -  
C18A4RI 6000 74:24 3:1 0.01 0.95-0.90 + / -  
C18A4RV 14000 18:55:25 1:2:1 2.47 0.50-0.25 Codom. 

8 000 
C24A4RI 5 000 19:52:27 1:2:1 1.67 0.50 0.25 Codom. 

4 700 
C26B5RV 8 000 72:26 3:1 0.12 0.75-0.50 + / -  
C26D5RV 9 000 26:53:19 1:2:1 1.65 0.50 0.25 Codom. 

7 000 
C27B6RI 9400 15:56:27 1:2:1 4.94 0.10-0.050 Codom. 

8 000 
C33A6RV 6200 66:32 3:1 3.06 0.10 0.050 + / -  
C33A6RI 3 500 78:20 3:1 1.10 0.50-0.25 + / -  
C34F5RV 8 500 19:54:25 1:2:1 1.76 0.50-0.25 Codom. 

4 500 
C38E2RI 5 800 19:51:28 1:2:1 1.82 0.50 0.25 Codom. 

t 400 
C41E4RI 8 200 25:54:19 1:2:1 1.76 0.50-0.25 Codom. 

3 600 
C41F5RI 5000 19:51:28 1:2:1 1.82 0.50-0.25 Codom. 

4 500 
C42E4RI 13000 28:51:19 1:2:1 1.82 0.50-0.25 Codom. 

9 600 
C44D2RI 14000 22:51:25 1:2:1 0.35 0.90-0.75 Codom. 

12 000 
C47B1RV 2800 72:26 3:1 0.12 0.75 0.50 + / -  
C50C1RI 4400 74:24 3:1 0.01 0.95-0.90 + / -  
C51D3RV 12000 72:26 3:1 0.12 0.75-0.50 + / -  
C53A6RV 7900 76:22 3:1 0.34 0.75 0.50 + / -  
C44B4RV 13 000 25:47:26 1:2:1 0.18 0.75-0.50 Codom. 

11000 
2 500 

HS46 x PD5363 
C14E1RI 8 000 80:19 3:1 1.78 0.25 0.10 + / -  
C20A5RV 9 000 18:42:39 1:2:1 11.18 P < 0.005 Codom. 
C25D5RI 4000 17:53:29 1:2:1 3.40 0.25-0.10 Codom. 

3 000 
C36A5RI 11 000 21:56:22 1:2:1 1.73 0.50-0.25 Codom. 

9 000 
C38C2RI 9000 22:55:22 1:2:1 1.22 0.75-0.50 Codom. 

7 000 
C41E4RI 8 000 24:44:31 1:2:1 2.21 0.50-0.25 Codom. 

7 000 

resulting in 11 polymorphic fragments representing 6 
polymorphic loci. Of these 6 loci, 5 had codominant 
alleles (Table 1). All but one set of the fragments seg- 
regated in the F 2 in an expected 1:2:1 genotypic ratio 
according to a chi-square analysis (Table 1). In this 
cross, M A P M A K E R  suggested that C25D5RI and 
C38C2RI were linked (Fig. 1) with a map distance of 
24.5 cM and an LOD score of 8.97. 

A total of 53 molecular markers were established 
from the analyses of the two populations. Five linkage 

groups, A, B, C, D, and E, were constructed from the 
MAPMAKER analysis. One of these groups (A) con- 
tained 4 loci, while the remaining four had 2 each. 
According to three-point and multi-point data, two 
orders of the loci in group A are possible. Additional 
data will be needed to distinguish the correct order. 

Estimates of relative distances were also calculated 
between the loci within these five groups. The map 
distances for A, with its two possible orders, were 11.7 
and 11.3 cM. Group B and group C gave small distances 
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Table 2 Pairwise linkage comparisons  of loci and cen t iMorgan  (cM) 
distances for four linkage groups  of HS46 x M A R C A B U C A G 8 U S -  
1- 88 and one linkage group of HS46 x PD5363 

Loci X Loci Y L O D  score Distance in cM 

HS46 x MARCABUCAG8US-1-88  
Linkage group A 
C05F4RI C26D5RV 27.46 5.55 
C05F4RI C34F5RV 28.44 4.95 
C05F4RI C50C1RI 12.77 8.89 
C26D5RV C34F5RV 40.32 0.51 
C26D5RV C50C1RI 14.96 6.30 
C34F5RV C50C1RI 15.92 5.23 

Linkage group B 
C24A4RI C41F5RI 40.92 0.51 

Linkage group C 
C18A4RV C18A4RI 21.54 1.08 

Linkage group D 
C33A6RV C33A6RI 4.11 5.11 

HS46 x PD5363 
Linkage group E 
C25D5RI C38C2RI 8.97 24.5 

between their two individual markers of 0.5 and 1.0 cM, 
respectively, while group D gav e a distance of 5.2 cM 
between its loci. The largest distance was found in group 
E from the HS46 x PD5363 population, whch had a 
distance of 24.5 cM. All of the map distances cover a 
relatively small part of the cotton genome, which is 
estimated to span a minimum of 5125 cM (Reinisch et al. 
1994). 

This research demonstrates the availability of ample 
restriction fragment length polymorphisms of cDNA in 

Table 3 Mult i -point  and three- 
point  analyses of linkage group 
A, identified from HS46 x M A R  
F2's, as calculated by 
M A P M A K E R  

A I A2 E 

C05F4R[ C05F4RI C25D5R~ 

4.95 cM 
5.55 cM 

C34F5RV 0.51 cM C26DSRV C26D5RV o.51 cM C34F5RV 

5.80 cM 
5.28 cM 

C50C1 RI C50C1 RI 

24.5 cM 

B C 

05, oM D~ c41C24A4RIFsRI 5.11 cM I C33A6RIC33A6RV 

C18A4RV 
1,08 cM C-38C2RI 

C18A4RI 

Fig. 1 G. hirsutum R F L P  linkage groups, including cent iMorgan 
distances, between loci of two possible orders of A (A1 and A2) and 
individual orders of B, C, D, and E. Groups  A, B, C, D were detected in 
HS46 x M A R  F2s, and group E was detected in HS46 x PD5363 F2s. 
There are 26 cot ton chromosomes.  R F L P  marker  loci are represented 
by II. 

the Upland cotton genome. While this is a preliminary 
map, further investigations of this type with additional 
RFLPs are increasing the working knowledge of the 
genetics of Upland cotton. Ongoing research with these 

C05F4RI C34F5RV C26D5RV 0.00 
C05F4RI C26D5RV C34F5RV - 0.98 
C26D5RV C05F4RI C34F5RV - 12.86 

C05F4RI C26D5RV C50C1RI 0.00 
C26D5RV C05F4RI C50C1RI - 2.19 
C05F4RI C50C1RI C26D5RV - 4.80 

C05F4RI C34F5RV C50C1RI 0.00 
C34F5RV C05F4RI C50C 1RI - 3.14 
C05F4RI C50C1RI C34F5RV - 5.69 

C26D5RV C34F5RV C50C1RI 0.00 
C34F5RV C26D5RV C50C1RI - 0.95 
C26D5RV C50C1RI C34F5RV - 9.66 

Three-point 

C05F4RI C34F5RV C26D5RV C50CIRI  0.00 
C05F4RI C26D5RV C34F5RV C50C1RI - 0 . 0 3  
C26D5RV C34F5RV C05F4RI C50C1RI - 2 . 1 9  
C34F5RV C26D5RV C05F4RI C50C1RI - 3.17 
C26D5RV C34F5RV C50C1RI C05F4RI - 4.74 
C34F5RV C26D5RV C50C1RI C05F4RI - 5.78 
C05F4RI C34F5RV C50C1RI C26D5RV - 8.71 
C34F5RV C50C1RI C26D5RV C05F4RV - 9.69 
C26D5RV C05F4RI C34F5RV C50C1RI - 11.91 
C34F5RV C05F4RI C26D5RV C50C1RI - 12.86 
C34F5RV C50C1RI C05F4RI C26D5RV - 17.60 
C34F5RV C05F4RI C50C1RI C26D5RV - 17.66 

Multi-point Order  of loci Log-likelihood 
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and other RFLPs involves the association of RFLPs 
with quantitative trait loci that are agronomically im- 
portant to the cotton industry. We are currently seeking 
molecular markers for genes that control fiber charac- 
teristics, earliness, plant physiology, and yield using 
data from the HS46 x MAR population in the F 2 
through F s generations. 
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